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Reduction processes using metal hydride agents modify the chemical and structural properties of metal oxide 
crystals with different manners, depending on the host crystals and the process conditions [1]. In BaTiO3, a 
reduction using CaH2 leads to partial and random substitution of H for the O2 site, which is compensated by a 
formal valence change of Ti4+ to Ti3+, imparting an electronic conduction [2] (Fig. 1a). In contrast, a low 
temperature reduction of SrFeO3 preferentially eliminates O2 at axial sites in the FeO6 octahedra without the H-
incorporation to convert to SrFeO2 with a unique planner four-coordinated Fe2+ [3] (Fig. 1b). An intermediate 
result has been obtained in a layered perovskite, LaSrCoO4, in which H ions are selectively incorporated in 
specific O2 sites to form trans-configuration of H ions [4]. Herein, we focus on the metal hydride-reduction of 
BaZr1xYxO3x/2 (BZY) and BaSn1xYxO3x/2 (BSY) and relevant defect chemistry. Both system have the primitive 
cubic perovskite structure and are popular fast protonic conductor. The latter is related to our expectation that 
the H ions are incorporated with a similar manner with the OH formation via OOX + VO + CaH2  2HO + CaO. 
BZY and BSY powders were annealed in vacuum-sealed glass tubes containing metal hydride agents at 
350550 C.  
The H ion incorporation in the processed zirconate samples was confirmed by in 1H-NMR and TG-DTA. A 
purple coloration appeared under UV-light illumination in lightly-reduced samples. Its origin was identified to be 
F+ center (VO) by EPR. The coloration is coupled with an enhancement in electrical conductivity. These results 
are similar and complemental to the photochemical reaction (H + O2  2F+ (e) + OH) observed in H-doped 
mayenite [5-7] and apatite [7,8]. An electronic conductivity emerges with the coloration in mayenite, while no 
conductivity enhancement is available in apatite, owing to the presence or absence of facile electron hopping 
path between F+ site and neighboring oxygen vacancy sites. The BZY should be classified into the later, but the 
proton conduction is not forbidden, because its conduction path is connected along the occupied O2 ions. The 
photochemically-enhanced conductivity in BZY is, therefore, assigned to the protonic conduction (Fig. 1c).  
As for the stannate series, the sample color changed from white to yellow, red, and brown with keeping the 
cubic perovskite structure as the reduction proceeds, while no additional color change was found after the UV-
illumination. Partial reduction of Sn4+ to Sn2+ was observed by XPS. Chemical composition of a reduced sample 
with x = 0.3 was determined to be BaSnIV0.50SnII0.20Y0.30O2.61H0.08 by Rietveld analysis of neutron diffraction data, 
implying that H ion on the order of 1021 cm3 is incorporated in this sample. Moreover, high concentration of 
Sn2+ with a few tens of percent is formed. 119Sn Mössbauer spectra was analyzed by a DFT calculation of crystal 
models with oxygen vacancies, and revealed that 5s2 lone pair electronic states of Sn2+ is formed in the band 
gap above the valence band, and its electronic transition to the conduction band is responsible for the 
coloration. This defect is stabilized by oxygen vacancy pair with cis-configuration around the Sn2+ (Fig. 1d).  
 
[1] H. Kageyama, K. Hayashi, K. Maeda, J. P. Attfield et al., 
Nat. Commun. 9, 772 (2018).  
[2] Y. Kobayashi, O. J. Hernandez, T. Sakaguchi, K. Hayashi, 
H. Kageyama, et al., Nat. Mater. 11, 507 (2012).   
[3] Y. Tsujimoto, C. Tassel, N. Hayashi, T. Watanabe, H. 
Kageyama et al., Nature 450, 1062 (2007). 
[4] M. A. Hayward, E. J. Cussen, J. B. Claridge, M. Bieringer, 
M. J. Rosseinsky et al., Science 295, 1882 (2002). 
[5] K. Hayashi, S. Matsuishi, T. Kamiya, M. Hirano, H. Hosono, 
Nature 419, 462 (2002). 
[6] K. Hayashi, M. Hirano, H. Hosono, Bull. Chem. Soc. Jpn. 
80, 872 (2007).  
[7] K. Hayashi, P. V. Sushko, Y. Hashimoto, A. L. Shluger, H. 
Hosono, Nat. Commun. 5, 3515 (2014). 
[8] K. Hayashi, H. Hosono, Phys. Chem. Chem. Phys. 18, 8186 
(2016). 
 
Figure. 1 Defect formation by metal hydride 
reduction in primitive cubic perovskites. 
